Background and objectives: Itch is one of the major symptoms in dermatology clinics, and severely impairs the quality of life. Itch is frequently produced by environmental stimuli, especially heat or warmth. Changes of temperature on the skin surface and noxious heat stimuli augment and develop itch, respectively. Thermally provoked itch is sometimes intractable with existing treatments. Data bases and data treatment: Recent researches, linking heat sensation and itch, were searched in MEDLINE literature database through PubMed. Results: Recent studies of the transient receptor potential cation channel subfamily vanilloid type 1 (TRPV1), the calcitonin gene-related peptide (CGRP) and the vesicular glutamate transporter 2 (VGLUT2), which link noxious heat and itch, contribute to a much better understanding of the thermally evoked itch process. From a clinical perspective, a warm sensation is a major provocative factor for subjects with atopic dermatitis. The accumulation of artemin (also known as enovin or neublastin) in the dermis of lesional skin can possibly provide a pathological mechanism for warmth-provoked itch. Conclusions: This mini-review describes recent results of both basic and clinical research related to thermally provoked itch.
Itch is defined as an unpleasant cutaneous sensation which provokes the desire to scratch (Rothman, 1941) . Itch has been studied as contrasting with the sensation of pain. From the 19th to 20th century, itch had been thought of as a minor form of pain (Handwerker, 2014) . This theory regarded itch as a pain, by definition, but did not argue that itch is independent from pain. There are some facts that disagree with this theory: First, strong itch does not induce pain, second, morphine and certain opioids reduce pain but cause itch, and third, behavioural responses to pain are avoidance responses, while responses to itch are scratching. These results indicate that itch is essentially different from pain (Handwerker, 2014) . Itch has an important role for living organisms. It is thought that itch contributes to a sense of danger to the skin surface (Stante et al., 2005) . For example, living organisms may feel an itch on the skin surface and will subsequently scratch, producing a behaviour that removes the dangerous object. Thus, the itch sensation is a host defence mechanism (Stante et al., 2005) .
Environmental factors (e.g. temperature, humidity, and atmosphere), living habits (e.g. bathing, sweating activities, and clothing worn), and the state of mind (e.g. psychological stress, or fatigue due to sleep loss) can be inducers of the itch response. Among these factors, heat or warmth stimuli may be the major factors that provoke the itch response (Wahlgren, 1991) . Recent studies have identified a relationship between heat/warmth sensations and itching. The transient receptor potential vanilloid type 1 (TRPV1) protein has been linked to itch and heat sensations. The TRP family is a non-selective ion channel family of proteins localized on the cell membrane. TRP proteins respond to outer cell temperature, thus allowing cations to flow into the cell. TRPV1 is activated by heat (above approximately 42°C), capsaicin and protons, and is involved in the induction of histaminergic-related itch responses (Tominaga and Caterina, 2004) . Histamine activates the arachidonic acid cascade, to subsequently form 12-hydroperoxyeicosatetraenoic acid (12-HPETE), inducing the histaminergic itch response by activating TRPV1 Shim et al., 2007) . Furthermore, the scratch behaviour following histamine administration is diminished in TRPV1 knockout mice . Several inflammatory mediators, including bradykinin, adenosine, serotonin, prostaglandins and ATP, are known to sensitize TRPV1, and can reduce the temperature threshold for TRPV1 activation (Tominaga and Caterina, 2004) . Skin inflammation will result in thermal hyperalgesia by sensitized TRPV1, and therefore comparatively low temperatures (nonpainful in normal skin) could induce itch. TRPV1 lineage neurons play a prominent role in thermosensation, thermoregulation and nociception in murine models (Mishra et al., 2011) . In contrast, investigations of human mechanosensitive and mechanoinsensitive nociceptive fibres have revealed that the mechanoinsensitive nociceptive fibres detect both noxious heat stimuli and cowhage itch, but not histaminergic itch (Weinkauf et al., 2015) . However, the relationship between heat sensation and histaminergic itch remains obscure. It is suggested that the role of TRPV1 in human itch is different from that in a murine itch. In summary, TRPV1 may be a prospective human therapeutic target for heat-provoked itch (Yun et al., 2011) .
Recent reports suggested the importance of calcitonin gene-related peptide (CGRP)-positive sensory neurons in both heat and the itch responses (McCoy et al., 2013; Rogoz et al., 2014) . Selective ablation of CGRP alpha primary sensory neurons in mice caused decreased numbers of skin peripheral nerve fibres, impaired responses to noxious heat, and attenuated scratch behaviours induced by histamine or chloroquine (McCoy et al., 2013) . Another report investigated the expression level of CGRP in dorsal root ganglia (DRG) derived from mice lacking vesicular glutamate transporter 2 (VGULT2), a transporter of L-glutamate into synaptic vesicles, selectively in TRPV1-positive neurons (Vglut2 f/f ;Trpv1-Cre). The results showed increased expression of CGRP mRNA. Vglut2 f/f ;Trpv1-Cre mice showed severe scratching behaviour, and this behaviour was significantly reduced by administration of selective CGRP antagonists (Rogoz et al., 2014) . These results implied that the heat or itch sensation arises from a complex combination of many kinds of transmitter signals.
From the patients' perspective, both warmth and noxious heat are capable of causing an itch sensation. Pfab et al. found that a repeated, rapid, subtle change in temperature at the skin surface (25 and 32°C) augmented the histaminergic itch response (Pfab et al., 2010) . This suggests that, even with a physiological environmental temperature in our daily life, changes in temperature might augment itch intensity.
Noxious and painful heat or cooling stimuli frequently attenuate the itch sensation. A noxious painful heat stimulus augments the itch response in patients with atopic dermatitis (Table 1) . In healthy subjects, a histamine-induced itch can be attenuated by both a painful cool stimulus (around 2-5°C) and a noxious heat stimulus (45-49°C) (Fruhstorfer et al., 1986; Yosipovitch et al., 2005 Yosipovitch et al., , 2007 Ishiuji et al., 2008) (Table 2) . However, an itch sensation in subjects with atopic dermatitis was augmented by a noxious heat stimulus, such as at 45-49°C (Fruhstorfer et al., 1986; Ikoma et al., 2004; Ishiuji et al., 2008) , while a painful cool stimulus (5°C) attenuated the itch (Fruhstorfer et al., 1986) (Table 1 ). These studies found that the heat stimulus induces and exacerbates itch in patients with atopic dermatitis. This raises the issue that normally, heat does not induce itch (Table 2) . Thus, patients with atopic dermatitis suffer from abnormal itching developed by a normally non-itchy stimulus. This abnormal itching is called alloknesis (LaMotte, 1992; Akiyama et al., 2012) .
Alloknesis is a sensation that presumably occurs as a result of enhanced itch transmission within the central nervous system, and has been implicated as a What does this review add?
• This review focused on the thermally provoked itch response, and reviewed current research on the clinically relevant mechanisms.
cause of abnormal itching in certain dermatoses. The development of alloknesis varies in accordance with the type of dermatitis. For example, noxious heat or chemical pain stimulation induces itch in atopic dermatitis, but not in psoriasis patients (Ikoma et al., 2004) . The pathological mechanism of itch in psoriasis has been identified and is similar to that in atopic dermatitis (Reich and Szepietowski, 2014) . Dry skin is more prominent in atopic dermatitis, and may also be involved in alloknesis in atopic dermatitis patients (Akiyama et al., 2012) . Regarding the mechanism of the warmth-provoked itch, it might be included as alloknesis, but the molecular mechanisms remain unknown. Key molecules that cause alloknesis by heat stimuli in atopic dermatitis patients were therefore examined. As skin innervation is mainly observed in dermis, we hypothesized that dermal fibroblasts could be a source of these signal molecules. Thus, we suggest that dermal fibroblast-derived factor might sensitize the peripheral nerve downstream of major pruritogens such as substance P or histamine, which are known to be involved in the pathogenesis of allergic dermatitis.
Herein, we focus in particular on artemin, which is expressed in substance P-treated dermal fibroblasts (Murota et al., 2012) . Artemin is a member of the glial cell-derived neurotrophic factor (GDNF)-related family, and acts through a GDNF receptor a3 (GFRa3), leading to peripheral nerve growth or survival. Artemin is not expressed in normal skin and in psoriasis tissues, but accumulates in the upper dermis of lesional skin of both atopic dermatitis and nummular eczema patients (Fig. 1A) . In situ hybridization for artemin has revealed the expression of artemin mRNA on dermal fibroblasts from atopic dermatitis skin lesions, but not from healthy skin. Peripheral nerve fibre sprouting is frequently observed in lesional skin in atopic dermatitis, and sprouted nerve fibres express GFRa3, a receptor for artemin. These results indicate that artemin has the potential to cause abnormal innervation in skin. Wild-type mice have received intradermal injection with artemin or substance P, and show increased numbers of peripheral nerve fibres and increased intraepidermal neurite outgrowth (Murota et al., 2012) .
These results suggest that artemin might affect skin sensations. To explore whether artemin affects cutaneous sensitivity to environmental stimuli, the intensity of perception was evaluated in GFRa3 knockout mice. Although the intensity of mechanosensation in GFRa3 knockout mice is comparable to that in wild-type mice, thermal hypoalgesia is found in GFRa3 knockout mice (Fig. 1B) . Moreover, cutaneous administration of artemin induced thermal hyperalgesia (Fig. 1C) (Murota et al., 2012) . These results indicated that artemin might regulate thermal sensation of skin via GFRa3. Evidence to support this idea was obtained from the behaviour of artemin-injected mice placed at an environmental temperature of 38°C. Artemin-injected wild-type mice exhibited grooming of the cheek behaviour (not at the injection site) or of the entire body, in a warm environment, while GFRa3 (Elitt et al., 2006) . However, in our study, administration of the TRPV1-inhibitor capsazepine, fails to inhibit the grooming behaviour in artemin-injected mice given warm treatments (Murota et al., 2012) . Based on thermal hyperalgesia from cutaneous artemin administration, and the accumulation of artemin in atopic dermatitis lesions, we speculate that artemin induced thermal hyperalgesia might develop into alloknesis, and might cause warmth-provoked itch in atopic dermatitis. However, relationships between artemin and warmth-provoked itch are speculation, and further studies are needed to clarify this issue. This mini-review focused on the thermally provoked itch response, and reviewed current research on the clinically relevant mechanisms. As previously discussed in this review, thermally provoked itch is intractable to treatment. Novel therapeutic strategies may result from a better understanding of the mechanism of thermally provoked itch. Research to date indicates that several molecules, including TRPV1, CGRP, VGLUT2 and artemin, might be candidate therapeutic targets for thermally provoked itch therapy.
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